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esponsibility of ChinAbstract Alkaline treatment using sodium hydroxide was introduced to obtain a hierarchical pore
structure in H–ZSM-5 zeolite. Fe-exchanged zeolite catalysts were prepared by impregnation on the
original and alkali-treated zeolites, and were evaluated for NOx reduction by NH3, NO oxidation, and NH3
oxidation reactions. The highly dispersed iron species as active sites can be obtained by controlling the
pore structure and particle size of zeolite. Therefore, the Fe/ZSM-5 catalyst treated mildly by sodium
hydroxide before iron exchange, which contains amounts of highly dispersed Fe species, obtains over
80% NOx conversion at a wide temperature range of 250–500 1C.
& 2013 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
In order to reduce the emissions from diesel and other lean burn
engines, selective catalytic reduction (SCR) technique is used toearch Society. Production and hostin
5
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ese Materials Research Society.control the NOx (NO, N2O, and NO2) emission. Metal oxide
catalysts and zeolite catalysts are the common catalysts applied in
the technique [1]. V2O5/WOx–TiOx has been used for many years.
However, due to some inevitable drawbacks, vanadium-free metal
oxide catalysts are focused on, such as FeTiOx [2], FeMnTiOx [3],
CeTiOx [4], and CeWOx [5]. Zeolite catalysts are recently
attracting lots of attention, such as Fe-beta [6], Fe–ZSM-5 [7],
and Cu–SAPO-34 [8]. It seems that zeolite catalysts are more
appropriate to be used in the engines at current time. Fe/ZSM-5
has been proved to be one of the efﬁcient zeolite catalysts in the
NH3-SCR [9,10]. A lot of research works have been conducted to
improve the performance of Fe/ZSM-5. The highly dispersed Fe
species, such as oxygen-bridged binuclear iron species and
monomeric Fe2þ/Fe3þ ions, are supposed to be the most activeg by Elsevier B.V. All rights reserved.
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the formation of highly dispersed Fe species attracts a lot of
interest [11,12]. However, to obtain such active species is a
difﬁcult process for the exchange of Fe in ZSM-5 because of the
strong diffusional control in zeolite crystals and the tendency for
highly dispersed Fenþ species to form iron oxide particles [13].
The agglomerates of zeolite crystals mean long diffusional paths,
which together with the rather low surface-diffusion coefﬁcients
slows down the ion exchange rate. Although extending the
exchange time and raising the Fe ion concentration can increase
the amount of active species, it also leads to hydrolysis of Fe2þ or
Fe3þ to inactive FeOx [14]. Besides, Fe
2þ and Fe3þ ions in water
exist as [Fe(H2O)6]
2þ and [Fe(H2O)6]
3þ, which are not easy to
enter the narrow channels of ZSM-5 [15].
A lot of methods have been tried to promote the formation of
highly dispersed Fe species. The conventional aqueous ion
exchange has some problems to be solved, such as iron hydration
mentioned above. Based on the conventional aqueous ion
exchange, Long and Yang [16] reported an improved aqueous
ion exchange procedure in which iron powders, hydrochloric acid
and H–ZSM-5 were stirred at a constant temperature for several
days. In such a procedure, iron hydration could be avoided, but it
took too long time and an appropriate ion exchange level could not
attain. Brandenberger [17] added NH4Cl to the precursors
(FeCl2d4H2O and a suspension of NH4–ZSM-5 in water) to
suppress the iron hydration during exchange to keep iron as ions
and thereby to retain micropore diffusion. As a result, the
dispersion of the metal was improved although the formation of
iron oxides still could not be avoided.
To reduce the diffusional distance of iron ions, a direct route is
to minimize the crystal size of zeolites or to enlarge the pore size
of zeolites [18]. It is known that the mildly alkaline leaching
procedure leads to minimizing the crystal size and the prolonged
alkaline treatment creates mesopore in the conventional micro-
porous zeolite. Melián-Cabrera's work [14] proved that alkali
leaching can tune the structure and physicochemical properties of
zeolites. Recently, Vennestrøm et al. [19] created a hierarchical
pore system and smaller particles of zeolites. Alkaline treatment
changes the physicochemical properties of H–ZSM-5 to be more
appropriate for the iron dispersion.
In this study, H–ZSM-5 was treated by sodium hydroxide to
create a hierarchical system. The pore size distribution of the
alkali-treated ZSM-5 included a wide range of mesopores and
enlarged micropores. The created mesopores induced a larger
amount of Brønsted acid sites, a higher dispersion of Fe species,
and thus a better NH3-SCR performance of the catalyst compared
with the previous procedure.2. Experimental
2.1. Catalyst preparation
H-ZSM-5 zeolite powders with a Si/Al molar ratio of 13 (Nankai
Catalyst Plant, China, Na2O o0.1%) were calcined in air at
500 1C for 3 h to remove the residual template. The H-ZSM-5
powders were stirred in NaOH aqueous solution (50 ml of solution
per g of zeolite) at 60 1C for 2 h. Two concentrations of NaOH
(0.4 M and 0.6 M) were selected after a preliminary screening over
a wide window and were representative for “mild” and “severe”
conditions. The samples were ﬁltered, washed, dried, and threefold
exchanged with 0.8 M NH4NO3 at 80 1C for 3 h to obtain thealkali-treated H–ZSM-5. The original, mildly, and severely alkali-
treated H–ZSM-5 samples were denoted as oAZ, mAZ, and sAZ,
respectively.
The required amount of aqueous FeCl2d4H2O solution to
obtain the desired Fe content was dropped onto the original and
alkali-treated H–ZSM-5 in air. The water was slowly evaporated at
80 1C and the obtained powders were dried at 110 1C overnight.
Then, the powders were thermally treated in 20% O2/N2 at 500 1C
for 3 h. The catalysts supported on oAZ, mAZ, and sAZ were
referred to as Fe-oAZ, Fe-mAZ, and Fe-sAZ, respectively.
2.2. Catalyst characterization
The X-ray powder diffraction (XRD) patterns were recorded on a
Japan Science D/max-RB diffractometer employing Cu-Kα radia-
tion (λ¼0.15418 nm). Data were collected in the range of
51r2θr401 with a scanning velocity of 41 min1.
Scanning electron microscopy (SEM) images were recorded
with a Shimadzu SSX-550 microscope. Samples were coated with
gold to improve conductivity.
Elemental composition was determined by inductive coupled
plasma (ICP) emission spectrometer (Vista-MPX).
Nitrogen physisorption was performed at liquid nitrogen
temperature using a surface area and pore size analyzer (JW-
BK122F, Beijing JWGB Sci. & Tech.). The zeolites were
degassed at 300 1C for 10 h prior to the measurements. The
speciﬁc surface area (SBET), external surface area (Sext), mesopore
volume (Vmeso), and micropore volume (Vmicro) for each zeolite
were calculated by the BET (Brunauer–Emmett–Teller), t-plot,
BJH (Barrett–Joyner–Halenda), and H–K (Horvath–Kawazoe)
methods, respectively.
H2-TPR was carried out on a Micromeritics AutoChem II 2920
apparatus with a thermal conductivity detector (TCD). For each
experiment, 50 mg catalyst was placed in a U-shaped quartz tube
(i.d.¼10 mm) and pretreated in a ﬂow of He (50 ml min1) with a
temperature ramping rate of 10 1C min1 up to 200 1C and then
held at 200 1C for 30 min for degassing. After the catalyst
was cooled down to 30 1C in He (50 ml min1), 10% H2/Ar
(50 ml min1) was passed over the catalyst while heating from
30 -900 1C with a temperature ramping rate of 10 1C min1. The
response of the TCD to H2 was calibrated by performing a
temperature programmed reduction of a known amount of Ag2O.
Ultraviolet visible (UV–vis) absorbance spectra were recorded
at room temperature on a Shimadzu UV-2450 spectrometer
equipped with a diffuse reﬂectance accessory. BaSO4 was used
as the reference material.
The in-situ infrared (IR) spectra of ammonia adsorption were
recorded on a Nicolet 6700 FTIR spectrometer equipped with a
MCT detector. The catalyst was pretreated in 20% O2/N2 ﬂow at
500 1C for 30 min, and then purged with N2 until it cooled down
to 100 1C. The zeolites were exposed to a ﬂow of 1000 ppm
NH3/N2 until the NH3 adsorption saturation. The spectra were
collected by accumulating 16 scans at a resolution of 4 cm1 and
were normalized by zeolites weight.
2.3. Catalyst activity test
The catalytic tests were performed in a ﬂow reactor operating at
atmospheric pressure. For each test, 0.5 g of catalyst was tested
in a ﬁxed quartz reactor after granulation and sieved by
50–80 meshes. The reaction gas mixture was consisted of 500 ppm
Table 1 Structure properties of the zeolites.
Catalysts Crystallinitya (%) Si/Alb
oAZ 100 13.0
mAZ 82 12.3
sAZ 32 8.6
aCalculated based on XRD data.
bDetermined by ICP.
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ﬂow rate was 500 ml min1 and thus a GHSV (30,000 h1) was
obtained. The gaseous species (NH3, NO, NO2, and N2O) in the
outlet stream were monitored by a Thermo Nicolet 380. The
measurement was performed at ﬁxed temperatures per 50 1C from
200–500 1C and kept for 60 min at each point. The NOx conver-
sion of catalysts was calculated by Eq. (1).
NOx conversion ð%Þ ¼
NOinNOoutNO2out2N2Oout
NOin
 100 ð1Þ
The NO(NH3) oxidation tests were carried out in the same
reactor with SCR activity tests. 100 mg of catalyst powders were
diluted with 300 mg of silica pellets, and then the mixture was
placed in a tubular quartz reactor. A gas mixture of 500 ppm NO
(NH3)þ5% O2þN2 was fed at a ﬂow rate of 500 ml min1. All the
oxidation tests were performed in the temperature range of 200–
500 1C and the data were recorded under the steady-state condi-
tions. The NH3 conversion was calculated according to Eq. (2).
NH3 conversion ð%Þ ¼
NH3inNH3out
NH3in
 100 ð2Þ
3. Results
3.1. Properties of the zeolites
Fig. 1 shows the XRD patterns of different zeolites. It has been
found that the MFI structure of H–ZSM-5 was not destroyed by
the alkaline treatment, however the characteristic peaks of ZSM-5
decrease in intensity with the degree of the alkaline treatment. The
intensity of the peak at 2θ¼7.91 of the treated zeolites relative to
that of oAZ was considered as crystallinity [14], and the results are
listed in Table 1. It can be seen that the crystallinity of zeolite
decreases as the alkaline treatment increases.
The loss of crystallinity can be explained by the removal of Si
from the framework [20] and the particle size observed by SEM
[14]. Table 1 shows the variations of the Si/Al molar ratio in
different zeolites caused by alkaline treatment. The Si/Al molar
ratio of the mAZ zeolite decreased slightly relative to oAZ, which
implies the mild alkaline treatment removed the amorphousFig. 1 XRD patterns of the original (oAZ, original H-ZSM-5) and
alkali-treated H-ZSM-5 (mAZ and sAZ, treated with 0.4 M and 0.6 M
NaOH at 60 1C for 2 h).species. Beside the removal of amorphous species, the severe
alkaline treatment further destroyed the framework of zeolite,
resulting in an obvious decrease of the crystallinity and Si/Al ratio.
Fig. 2 shows the SEM images of different zeolites. Clearly,
the alkaline treatment reduced the agglomeration of the ZSM-5
particles and decreased the particle size of the alkali-treated
H–ZSM-5. Sodium hydroxide treatment could preferentially
remove intracrystalline and intercrystalline amorphous Si species
rather than Al species [21], resulting in less agglomerates and
smaller particle sizes of H–ZSM-5.3.2. Pore structure of zeolites
Fig. 3 shows the N2 physisorption isotherms of different zeolites,
and Table 2 shows the BET surface area, external surface area,
mesopore volume, and micropore volume of the zeolites. The
original ZSM-5 displays a type I isotherm with a plateau at high
relative pressures and no distinct hysteresis loop, indicating that
the original ZSM-5 is a typical microporous material. Although
using the BET model for calculating the surface area of a
microporous material is controversial, it is acceptable to use when
comparing the surface areas of a series of zeolites. The BET
surface area (326 m2 g1) of oAZ is primarily a result of the
presence of micropores, the contribution of mesopores is quite
small (12 m2 g1), which is in accordance with Matias's results
[22]. The alkali-treated zeolites show a combined isotherm of type
I and type IV, indicating the co-existence of micropores and
mesopores [23], which is supported by t-plot and BJH results
(Sext and Vmeso) shown in Table 2. The isotherm of the severely
treated zeolite, sAZ, shows an enhanced nitrogen uptake at high
relative pressures, indicating the generation of large mesopores in
this sample. The BJH model depending on the adsorption branch
demonstrates the presence of mesopores in the alkali-treated
ZSM-5, a pronounced development of mesopores distributed from
2–20 nm is shown in the inset graph of Fig. 3.3.3. Acidity of the zeolites
Fig. 4 shows the normalized FTIR spectra of the zeolites after NH3
adsorption in the region of 3500–3650 cm1. The band at
3610 cm1 is assigned to the OH stretch of Brønsted acid sites
and the relative concentration of Brønsted acid sites can be
determined from the intensity of the band at 3610 cm1 [17].
The amount of Brønsted acid sites increases a lot for Fe-mAZ
owing to the removal of amorphous species by the mild alkaline
treatment. However, Fe-sAZ shows the reduced amount of
Brønsted acid sites, resulting from the destruction of framework
by severe alkaline treatment.
Fig. 2 SEM images of (a) oAZ (b) mAZ and (c) sAZ.
Fig. 3 N2 physisorption isotherms of the zeolites.
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3.4.1. H2–TPR
Fig. 5 shows the H2–TPR proﬁles of the Fe/ZSM-5 catalysts and
compares them with the TPR proﬁle of the physical mixture of α-
Fe2O3 and H–ZSM-5 (5.6 wt% Fe). The nature of the iron species
present in the zeolites is commonly discussed on the basis of the
position of H2 consumption and the consumed H2 per mol of Fe
[24–26]. The reduction of the mixture of α-Fe2O3 and H–ZM-5
follows the reduction sequence Fe2O3-Fe3O4-Fe
0 [26]. So the
main peak at 440 1C is related with Fe3O4-Fe
0 and the broad
shoulder peak extended to 300 1C is related with Fe2O3-Fe3O4 inthe TPR proﬁle of Fe2O3/H–ZSM-5. All the three catalysts
show three reduction peaks around at 360, 400, and 480 1C.
The reduction of Fe3þ to Fe2þ in isolated, oligomeric iron species,
and small iron oxide proceeds at temperatures lower than
380–430 1C. The further reduction of Fe2þ to Fe0 happens at
temperatures higher than 430–730 1C [24]. The peaks at 360,
400 1C may be attributed to the reduction of Fe3þ to Fe2þ in
different iron species while the peak at 480 1C may be assigned
to the reduction of Fe2þ to Fe0 in the iron oxides. It seems that
Fe-sAZ contains the most iron oxides.
Fe3þ ion is known to be reduced to Fe2þ at low temperatures
and whether Fe2þ is further reduced to Fe0 or kept its divalent state
at high temperatures depends on the interaction of Fe2þ ions with
the zeolite. If Fe2þ ions are anchored on the Brønsted acid sites, it
is difﬁcult for them to be reduced to the metallic state in the
temperature range employed in this study and the H/Fe ratio is
equal to 1. Otherwise, the H/Fe ratio will be 3.0. Such ideal
reduction does not happen, even for the physical mixture of α-
Fe2O3/H–ZSM-5. However, it is reasonable to deduce that the low
H/Fe ratios of the catalysts result from the greater number of iron
ions anchored on the Brønsted acid sites. In this study, the
hydrogen consumption expressed as H/Fe ratio of the catalysts
follows the order of Fe-mAZ (1.0)oFe-oAZ (1.2)oFe-sAZ (1.4)
oFe2O3/H–ZSM-5 (2.4). In conclusion, it can be assumed that Fe-
mAZ contains the most isolated iron ions while Fe-sAZ contains
the most iron oxides.3.4.2. UV–vis spectra
The UV–vis spectra of Fe/ZSM-5 catalysts are shown in Fig. 6.
Generally, the absorption of the UV region (o450 nm) can be due
to O-Fe3þ ligand-to-metal charge-transfer (LMCT) transitions.
The charge transfer occurs from the highest lying O 2p orbital to
the half-occupied Fe 3d orbital [27]. The absorption of the visible
region (4450 nm) may be due to d–d transitions, a phenomena
unique to α-Fe2O3 [28,29]. There are three overlapped bands
in the ﬁgures: the bands at o300 nm are assigned to isolated
Fe3þ species in tetrahedral or octahedral coordination, those at
300–450 nm are attributed to oligomeric clusters, and those at
4450 nm are ascribed to large Fe2O3 particles.
The UV–vis spectra of Fe/ZSM-5 zeolites were deconvoluted
into sub-bands according to the method provided by Schwidder
[30]. As the wavelength dependence of the absorption coefﬁcient
is not known for this system, it is assumed that the absorption
Table 2 Textural properties of the zeolites.
Catalysts SBET/m
2 g1 Sext/m
2 g1 Vmeso/cm
3 g1 Vmicro/cm
3 g1
oAZ 326 12 0.041 0.1293
mAZ 384 78 0.148 0.1535
sAZ 387 141 0.355 0.1542
Fig. 4 IR spectra of the hydroxyl stretching region for the zeolites.
Fig. 5 H2-TPR proﬁles of the catalysts.
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of the signal intensity arises from oligomeric FeOx clusters and
only 7% of the signal intensity is from isolated Fe ions in the Fe-
oAZ catalyst, which is in line with one main reduction peak in its
H2–TPR proﬁle. The signal intensities arising from isolated Fe
ions in Fe-mAZ and Fe-sAZ are 31% and 19% of the total signal
intensity, respectively. These signal intensities are larger than that
of Fe-oAZ. On the other hand, the signal intensity arising from
bulk Fe2O3 particles reaches 33% for Fe-sAZ, which is much
higher than those for Fe-oAZ and Fe-mAZ. Compared with the
H2–TPR experiment, the characterization of iron species by UV–
vis is less affected by the location of iron species in the pore of
zeolites and thus the latter results are more reliable for reﬂecting
the real states of the iron species.3.5. Catalytic activities of the catalysts
The NH3-SCR activities of iron catalysts supported on the original
and alkali-treated H–ZSM-5 are shown in Fig. 7. At 200 1C, the
severe alkaline treated catalyst shows a lower NOx conversion than
those supported on the original and mildly alkali-treated zeolites.
At high temperatures, the Fe-oAZ catalyst exhibits a much
lower NOx conversion, and the Fe-mAZ presents the best activity
with the widest operating window (NOx conversion Z80%) of
250–500 1C.
The so-called fast SCR reaction involves the NO2 production
ability at low temperatures, thus the NO oxidation tests were
performed and the results are shown in Fig. 8. The NO oxidation
activity of catalyst follows the order of Fe-oAZ4Fe-mAZc
Fe-sAZ. Thus, the severe alkaline treatment results in a signiﬁcant
loss of NO oxidation activity of Fe/ZSM-5 catalyst. The maximum
NO2 production (about 300 ppm) is achieved over Fe-oAZ at
300350 1C, while a lower maximum of 230 ppm is observed at
350 1C for the Fe-sAZ catalyst.
The oxidation of ammonia at high temperatures would limit the
supply of the reductant for NH3-SCR reaction, therefore the NH3
oxidation tests were performed and the results are shown in Fig. 9.
It is clear that lower NH3 conversions are attained over the alkali-
treated catalysts (Fe-mAZ and Fe-sAZ) compared with Fe-oAZ.
Only a little N2O and NO2 (not shown) are produced over all the
catalysts, indicating that NH3 is mainly oxidized to N2 [31].4. Discussion
4.1. Effects of alkaline treatments on the zeolite
The microporous zeolite ZSM-5 was treated by sodium hydroxide.
As crystals are attacked by an alkaline solution, the erosion
processes usually start at weak points of the crystal such as
defects and grain boundaries. The sodium hydroxide ﬁrst removes
the intracrystalline and intercrystalline amorphous species and
decreases the degree of agglomeration of zeolite particles as
evidenced by SEM images. As a result, the mildly treated zeolite,
mAZ, shows an increased mesopore volume and a slightly reduced
Si/Al ratio. Hydrolysis of the Si–O–Al bond in the presence of
OH is hindered as a result of the negatively charged AlO4

tetrahedron, which means that the cleavage of the Si-O-Si bond is
accelerated relatively. Sodium hydroxide treatment can preferen-
tially remove Si rather than Al species in the zeolite crystals and
creates mesoporous system in ZSM-5. Therefore, the severely
treated zeolite, sAZ, exhibits a signiﬁcantly reduced Si/Al ratio
and a much higher external surface area.
The amount of Brønsted acid sites increase on the mildly alkali-
treated zeolite due to the removal of amorphous species and the
exposure of Brønsted acid sites (Fig. 4). However, the severe
alkaline treatment decreases the availability of Brønsted acid sites
due to the destruction of the zeolite framework.
Fig. 6 UV–vis spectra of the (a) Fe-oAZ, (b) Fe-mAZ, and (c) Fe-sAZ
catalysts.
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Compared with the oAZ sample, the alkali-treated zeolites (mAZ and
sAZ) show smaller particle sizes and larger pore sizes. The open
micro-mesopore hierarchical structure of the alkali-treated zeolites ismore favorable for the entrance of Fe species. During the ion
exchange process, iron ions in water exchange with protons in OH
groups at Brønsted acid sites. This exchange happens at both the
outer surface and the mesopores of the zeolite. The smaller particle
size and newly created mesopores shorten the diffusional distance of
iron ions to the Brønsted acid sites, providing more chances for ion
exchange and accelerating the ion exchange. As a result, the
dispersion of Fe species on Fe-mAZ is better than that on Fe-oAZ
as conﬁrmed by the H2–TPR and UV–vis results. Such results are in
agreement with Kustov et al. [32], who found iron species on
mesoporous catalysts are distributed more homogeneously than in the
case of the conventional zeolite.
However, the dispersion of Fe species on Fe-sAZ catalyst
becomes worse than that on Fe-mAZ catalyst. The large pore size
of Fe-sAZ cannot only disperse Fe species well, but also leads to
the formation of Fe2O3 particles during calcination by the
aggregation of well-dispersed Fe species. Thus, large pore size is
not the sole key to obtain highly dispersed Fe species. The ability
to hold the state of highly dispersed Fe species during calcination,
which depends on the amount of Brønsted acid sites, is also critical
for the preparation of Fe/ZSM-5.
4.3. Effects of alkaline treatments on the catalytic activities
of the catalysts
The most active sites of Fe/ZSM-5 catalyst for NO oxidation are
thought to be isolated iron ions [19] and oxygen-bridged binuclear
iron ions [33]. In this work, isolated and oligometic iron ions are
suggested to determine the NO oxidation of Fe/ZSM-5 catalysts.
The sum of these two iron species is similar for both Fe-oAZ and
Fe-mAZ, but it is much smaller on Fe-sAZ as shown in Table 3.
This well explains the sequence of Fe-oAZEFe-mAZ4Fe-sAZ
for the NO oxidation activity.
For ammonia oxidation, Brandenberger et al. [9] presented a
conclusion that the overall activity below 500 1C is governed by
small oligomeric iron species, and monomeric iron and Fe2O3
particles signiﬁcantly contributes to the NH3 oxidation activity
only at temperatures higher than 500 1C. In our study, Fe-oAZ
containing the maximum oligomeric iron species shows the
highest NH3 oxidation activity, while the oxidation of ammonia
is inhibited over Fe-mAZ and Fe-sAZ containing lower concen-
trations of oligomeric iron species.
The NH3-SCR reactions of Fe/ZSM-5 catalysts at different
temperatures follow different mechanisms [17,34]. NH3 is ﬁrstly
coordinated over Brønsted or Lewis acid sites (iron species).
Ammonium is formed over Brønsted acid sites and then reacts
with NO2 (NOþ1/2O2-NO2) [35]; Or NH3 coordinated over
Lewis acid sites undergoes hydrogen abstraction giving rise either
to NH2 species or its dimeric form N2H4. NH2, which is supposed
to be the active intermediates reacts with NO [36]. However, fast
SCR reaction involving NO2 are more important at low tempera-
tures for Fe-exchanged zeolite catalysts. Thus Fe-oAZ and
Fe-mAZ with high catalytic ability to produce NO2 exhibit high
activity for SCR reaction. At high temperatures, the oxidation of
ammonia occurs easily, leading to the shortage of ammonia for
NOx reduction [37,38]. So the inhibition of NH3 catalytic
oxidation turns out to be important for the NH3-SCR reaction at
high temperatures. Compared with Fe-oAZ, Fe-mAZ and Fe-sAZ
show suppressed NH3 oxidation activities due to the transforma-
tion of the oligomeric iron species to the isolated and bulk iron
species. As a result, Fe-mAZ catalyst shows the best NH3-SCR
activity in a wide temperature range.
Table 3 Relative ratio of various iron species in Fe/ZSM-5 catalysts.
Catalyst Total Fed (wt%) Relative ratio of different Fe species
I1
a (%) I2
b (%) I3
c (%)
Fe-oAZ 5.60 7 81 12
Fe-mAZ 5.63 31 50 19
Fe-sAZ 5.60 19 48 33
aIsolated Fe3þ in tetrahedral and higher coordination (sub-bands at λo 300 nm).
bOligomeric Fex
3þOy clusters (sub-bands at 300 oλo450 nm).
cLarge Fe2O3 particles (sub-bands at λ4 450 nm).
dDetermined by ICP.
Fig. 7 NH3-SCR activities of the catalysts. Reaction conditions:
500 ppm NO, 500 ppm NH3, 5% O2, remaining gas feed consists of
N2. GHSV¼30,000 h1.
Fig. 8 NO oxidation activities of the catalysts. Reaction conditions:
500 ppm NO, 5% O2, remaining gas feed consists of N2.
Fig. 9 NH3 oxidation activities of the catalysts. Reaction conditions:
500 ppm NH3, 5% O2, remaining gas feed consists of N2.
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The mesopores in a wide range of 2–20 nm were created in the
commercial ZSM-5 zeolite by alkaline treatment. The open micro-
mesopore hierarchical structure of the alkali-treated zeolite is
favorable for the entrance of Fe species. Meanwhile, the holding
capacity of highly dispersed Fe species depends on the amount ofBrønsted acid sites, which increase with the removal of amorphous
species but further decrease with destruction of the zeolite frame-
work. The roles of three kinds of iron species, isolated iron,
oligomeric iron, and bulk Fe2O3, are identiﬁed for NO and NH3
oxidation. The mild alkaline treatment of H–ZSM-5 by 0.4 M
NaOH at 60 1C for 2 h before iron exchange promotes the
formation of isolated iron species and inhibits the sintering of
bulk iron oxide. Thus, the Fe-mAZ catalyst shows high activity for
NO oxidation at low temperatures and suppresses NH3 oxidation
at high temperatures, and therefore, it displays the best NH3-SCR
activity in a wide temperature window.Acknowledgement
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